This paper develops a flexible collision avoidance strategy for the formation of multiple unmanned aerial vehicles (multi-UAV). Firstly, To make full use of the information flow from the communication of the formation, an improved artificial potential field (IAPF) function is constructed by adding the communication topology and communication weights. Based on the IAPF functions, both collision avoidance within the formation and obstacle avoidance outside the formation are well organized to ensure flight safety. Secondly, to fuse collision avoidance and formation keeping, we design the null space behavioral (NSB) approach to combine them into a single motion command, where the formation keeping algorithm is designed as a second-order consensus algorithm. In this way, the flexible collision avoidance strategy is proposed based on IAPF and consensus, handling the relationship between collision avoidance and formation keeping flexibly. Finally, three-dimensional multi-UAV flight simulation validates the effectiveness of the proposed strategy that the formation can both implement collision avoidance quickly and keep a good geometric formation configuration simultaneously.
I. INTRODUCTION
The formation of multiple unmanned aerial vehicles (multi-UAV) has traditionally been used in military operations for a number of years [1] . Recently, it has generated a lot of interests due to its potential application in civilian domains such as emergency management, law enforcement, precision agriculture, package delivery, and imaging/ surveillance [2] , [3] . Owing to higher efficiency and less fuel consumption, the formation of multi-UAV has unique advantages over a single UAV, therefore it has good prospects in both military and civilian fields.
In the formation of multi-UAV, collision avoidance is quite essential, which is directly related to flight safety. In other words, any two UAVs should maintain a certain distance to ensure the safety [4] . Besides, there are obstacles threatening flight safety outside the formation [5] . For these two reasons,
The associate editor coordinating the review of this manuscript and approving it for publication was Juan Liu . increasing research attention has been paid to the collision avoidance algorithms [6] - [12] .
Basically, in the literature, there are generally four research methods about collision avoidance, namely artificial potential field (APF) [13] , geometric method [14] , gridding approach [15] , and genetic algorithm [16] . Thereinto, APF is the most frequently-used collision avoidance method thanks to its mathematical elegance and simplicity, and it is especially suitable for real-time collision avoidance [17] . In the APF method, both the repulsive potential field and attractive potential field work together to ensure an accurate balance state [18] . Collision avoidance mainly depends on the repulsive potential [15] . The distribution and shape of the surrounding UAVs and obstacles are reflected as the intensities of the APF functions. According to the intensities, the heading and velocity of the UAV are determined. However, There are two challenges in this field. Firstly, the APF method cares less of the concept of the communication topology and communication weights, resulting in VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ that the safety of the important members in the formation is hard to be primarily guaranteed. Secondly, most collision avoidance algorithms can not keep a geometric configuration simultaneously, namely, weakly rigid formation [19] .
To overcome the first flaw, the consensus approach, which requires only neighbor-to-neighbor interaction and makes full use of the information flow and sharing, provides the heuristic thoughts [20] , [21] . In this regard, it is noted that the communication topology of consensus is feasible to reflect the safety priority of each UAV. For example, the UAVs identified as the root nodes can be authorized with high safety priorities, the branch nodes with low safety priorities, and the leaf nodes with the lowest safety priorities. Thus, it is prospective to utilize the communication topology to directly reform the APF function.
Besides, the consensus approach is an effective way to realize formation keeping of multi-UAV. Consensus can make the formation evolve as a rigid body to maintain the predefined geometric relationship and move in a given direction [22] . More precisely, the consensus assures that the UAVs achieve formation keeping in the given velocity, heading, and altitude commands [23] .
For solving the second problem, the null space behavioral (NSB) approach is a promising selection [24] . The uniqueness of the NSB approach comes from the way that different tasks are combined into a single motion command [25] . The completion of the high-priority tasks is guaranteed by projecting the low-priority tasks onto the null space of the high-priority ones, and the low-priority tasks are fulfilled if they do not contradict with the high-priority ones [26] . In [27] , experimental validation of the NSB approach is provided for formation control. Schlanbush R. and Kristiansen R. try to combine different tasks in the spacecraft formation, where the NSB approach is implemented by giving each task different priorities and then calculating the desired velocity for each spacecraft and each task [28] . Inspired by this, we treat collision avoidance and formation keeping as two different tasks and apply the NSB approach to merging them.
A flexible collision avoidance strategy combining improved APF (IAPF) and consensus is proposed for the formation of multi-UAV in this paper. First, to make full use of the information flow from communication and derive the safety priority of each UAV, the IAPF function is constructed by adding the communication topology and communication weights. Moreover, the oscillation issue [29] is solved by defining a discontinuous range of the IAPF function. The repulsive potential field between the UAV and an obstacle is also constructed, and an auxiliary repulsive potential determined by the relative velocity between them is defined to make the UAV avoid the obstacle more efficiently. For both collision avoidance within the formation and obstacle avoidance, the virtual velocity field is synthesized to formulate the collision avoidance method. Then, comparing the advantages of the IAPF functions in collision avoidance and the consensus method in formation keeping, a flexible collision avoidance strategy considering them both is proposed based on the NSB approach, generating the formation control orders. Thereinto, the formation keeping algorithm is designed as a second-order consensus algorithm.
The main contribution of this work is twofold. Firstly, a novel type of APF function, i.e., the IAPF function, is constructed by adding the communication topology and communication weights, such that the information flow from communication is fully used, and the safety of the important members is primarily assured. Secondly, the proposed collision avoidance strategy can both guarantee collision avoidance and keep a geometric configuration simultaneously, and it is concise in mathematical formulation and easy to implement. In our work, both the IAPF functions and the comprehensive consideration of the collision avoidance and formation keeping problems make the proposed collision avoidance strategy more flexible.
The rest of this paper is organized as follows. First, our proposed structure of the collision avoidance strategy for the formation of multi-UAV is described. Then, the IAPF function for collision avoidance within the formation is constructed by adding the communication topology and communication weights, and the IAPF function for obstacle avoidance is designed. Next, a flexible collision avoidance strategy of the multi-UAV, considering both collision avoidance and formation keeping, is proposed based on the NSB approach. Finally, simulation results with five UAVs are shown that both collision avoidance and formation keeping are realized by the proposed collision avoidance strategy. Figure 1 describes our proposed structure of collision avoidance for the formation of multi-UAV, including four parts, such as the flight control system, flexible collision avoidance strategy, collision avoidance algorithm based on IAPF, and formation keeping algorithm based on consensus. The flight control system is aimed at controlling the attitude in the inner-loop, and the collision avoidance strategy is aimed at controlling the position in the outer-loop. The output of the outer-loop is used as the input of the innerloop. As designing the flight control system is not the focus of this paper, it is omitted here, and more details can be found in our previous publication [30] . The formation control orders, which are generated by the collision avoidance strategy according to the multi-UAV requirements, are given to the flight control system.
II. COLLISION AVOIDANCE ALGORITHM FOR THE FORMATION OF MULTIPLE UNMANNED AERIAL VEHICLES
The other two parts are the collision avoidance algorithm based on IAPF and the formation keeping algorithm based on consensus. Combining the advantages of IAPF in collision avoidance and consensus in formation keeping, a flexible collision avoidance strategy based on the NSB approach is proposed. The collision avoidance strategy aims at both realizing collision avoidance and keeping a geometric configuration.
III. IMPROVED ARTIFICIAL POTENTIAL FIELD FUNCTIONS
The traditional APF functions ignore the communication topology of the formation. In this situation, it is not coincident with the reality and can not make full use of the information flow from the communication of the formation. Meanwhile, due to the lack of different communication weights, the priority of each UAV is uneasy to derive, and their different importances are unavailable to distinguish.
We add the communication topology and communication weights to the traditional APF functions to overcome the above two flaws, and then a new IAPF function is constructed. Before that, some preliminaries of graph theory are reviewed.
Consider the formation of n identical UAVs, and each UAV is denoted as U i for i ∈ {1, 2, · · · , n}. All UAVs in the formation constitute a directed graph (digraph) G = J i (ρ i ) is the sum of the respective IAPF function J ij ( ρ ij ), and both J i (ρ i ) and J ij ( ρ ij ) are nonnegative. Then, A UAV can only get the information from the ones who transmit to it [32] , and J i (ρ i ) is defined as
In Eq. (1), the definition of the IAPF function is different from that of the traditional APF functions that every two UAVs can construct an APF function. Firstly, only when a UAV transmits information to U i , i.e., j ∈ N i , it takes part in the IAPF function of U i . Secondly, adding a ij means that the UAVs with different communication weights choose different IAPF functions. When U i maneuvers for collision avoidance, it separates from the UAV with high communication weight primarily. Therefore, the safety priority of collision avoidance is correlated to the communication topology. The UAVs identified as the root nodes have high safety priorities, the branch nodes have low safety priorities, and the leaf nodes have the lowest safety priorities. In other words, if the collision happens within the formation, it is more likely to happen between the UAVs identified as the leaf nodes. In this case, the communication topology of the rest UAVs still has a directed spanning tree, and the formation remains stable. As a result, The IAPF function has good fault tolerance and robustness.
The IAPF function J ij ( ρ ij ) between U i and U j in Eq. (1) contains an attractive potential and a repulsive potential, and it is expressed as
where J a ij ( ρ ij ) and J r ij ( ρ ij ) are the attractive potential and repulsive potential between U i and U j , respectively. There exists a unique distance ρ d ij , where the attractive part and repulsive part balance with each other, and J ij ( ρ ij ) has a unique minimum value here. ρ d ij is the predefined distance between U i and U j , and it is also the balanced state of the formation. Furthermore, the gradients of J a ij ( ρ ij ) and J r ij ( ρ ij ) are determined by
, the IAPF function is designed to include the communication topology and communication weights.
Collision avoidance can be classified into two types in terms of collision avoidance within the formation and obstacle avoidance. However, there are significant differences between these two situations that the UAVs can avoid each other mutually, while the obstacles can not voluntarily avoid the UAVs. Therefore, different IAPF functions should be constructed to accommodate different situations, which is denoted afterward.
A. IMPROVED ARTIFICIAL POTENTIAL FIELD FUNCTION FOR COLLISION AVOIDANCE WITHIN THE FORMATION
When the distance between the UAVs is smaller than that under normal circumstances, the repulsive part operates primarily in the IAPF function for collision avoidance within the formation. The repulsive part is adopted as an exponential form, and its advantage is that the repulsive potential increases faster and faster as the UAVs get close to each other. Then, the repulsive potential is constructed as a general Morse function [33] 
where b, c are constant parameters, controlling the amplitude and range of the repulsive potential, respectively. The minimum safety distance is defined as ρ ij min . When the distance between the two UAVs approaches ρ ij min , the repulsive potential becomes positive infinite.
The domain D = ( ρ ij min , r 1 ] ∪ (r 2 , ρ ij max ] in Eq. (4) determines the range of the IAPF function for collision avoidance within the formation, and ρ ij max is the maximum distance for the IAPF function. If the distance between U i and U j exceeds ρ ij max , the IAPF function does not work at all. When ρ ij ≤ ρ ij min , U i and U j crash with each other. As illustrated in Fig. 3 , the blue zone depicts the range D of the IAPF function for collision avoidance within the formation.
Why is D a sectionalized domain? Generally, the value of the IAPF function at the balanced state is set to zero; then it is attractive if it is larger than zero, and it is repulsive if it is smaller than zero. In this situation, frequent unstable switch around the balanced state arises. In some literature, it is called the oscillation issue [29] . Hence, the IAPF function set to zero around the balanced state is more beneficial to stability. When r 1 < ρ ij ≤ r 2 , the value of the IAPF function is set to zero. r 1 is the lower bound value around balanced state, and r 2 is the upper bound value. There is a rigorous condition that ρ ij min < r 1 < ρ d ij < r 2 < ρ ij max . Thus, the range of the IAPF function is defined as 
, which promotes collision avoidance within the formation to work stably. In a word, the reasonable definition of the range of the IAPF function ensures that the oscillation problem is avoided around the balanced state.
Next, the attractive potential is defined as
where k ij is a positive gain and it determines the intensity of the attractive potential. Based on Eqs. (4) and (6), the IAPF function between
It is obvious that J ij ( ρ ij ) ≥ 0 from Eq. (7) . Figure 4 shows the relationship between J ij ( ρ ij ) and ρ ij . It can be seen that ρ ij → ρ ij min as J ij ( ρ ij ) → +∞. The IAPF function is piecewise. Firstly, when ρ ij ∈ ( ρ ij min , r 1 ], the repulsive potential operates mainly; Secondly, when ρ ij ∈ (r 2 , ρ ij max ], the attractive potential operates mainly; Thirdly, when ρ ij ∈ (r 1 ,
Invoking Eqs. (2) and (7), the attractive and repulsive potentials are synthesized to get the IAPF function of U i for ρ ij ∈ D as
After obtaining the IAPF function for collision avoidance within the formation, it is essential to define a virtual velocity potential related to the distances between the UAVs to realize collision avoidance. According to Eqs. (3) and (8), the virtual velocity potential is obtained for collision avoidance within the formation. The virtual velocity potential is written as
Equation (9) takes into account the communication topology and communication weights. Using Eq. (9), once the communication is connected, the multi-UAV could take full advantage of the information flow to realize collision avoidance within the formation. When the formation clusters stably, the IAPF function J i (ρ i ) achieves the minimum value of zero.
For keeping a rigid configuration, every branch potential in Eq. (9) should be balanced. As a ij = 0 and ∇(ρ ij ) = 0, the parameters k ij , b, and c for the balanced state ρ d ij should satisfy that
If b, c are given, k ij can be calculated as
The IAPF function can also be applied to obstacle avoidance in the airspace. However, there is a significant difference between obstacle avoidance and collision avoidance within the formation that the obstacles can not avoid the UAVs by themselves. Thus, as the distance between a UAV and the obstacle changes, the intensity of the IAPF function should be adjusted more relevantly. Though the obstacles can not voluntarily avoid UAVs, the repulsive potential can be designed more intensive as the multi-UAV gets close to the obstacles. Also, the attractive potential is no longer necessary as the formation does not need getting close to the obstacles.
Suppose that the position of the obstacle is ρ o = (x o , y o , z o ) T . The repulsive potential between U i and the obstacle is designed as
and
where b o , c o are constants, controlling the amplitude and range of the repulsive potential, respectively. E = ( ρ io min , ρ io max ] determines the range of the repulsive potential J r i ( ρ io ), where ρ io min is the minimum safety distance between U i and the obstacle, and ρ io max is the upper bound value of the range of J r i ( ρ io ). If the distance between them is larger than ρ io max , there is no need to avoid the obstacle. V io represents the velocity of the obstacle relative to U i that V io > 0 as the obstacle gets close, V io < 0 as the obstacle gets far away, and V io = 0 as the obstacle is relatively static. The coefficient 0
The repulsive potential generated by the relative velocity V io in Eq. (13) can be recognized as an auxiliary repulsive potential, which is shown by
The auxiliary repulsive potential J r i ( ρ io ) aux is introduced to improve the control effort of obstacle avoidance. In other words, it compensates for the weakness that the obstacles can not voluntarily avoid the UAVs.
Let
, and the virtual velocity potential for obstacle avoidance is obtained as
So far, both the IAPF function for collision avoidance within the formation and that for obstacle avoidance are constructed, and they are transformed into the virtual velocity potentials as Eqs. (9) and (15) . Next, the flexible collision avoidance strategy is proposed based on these IAPF functions.
IV. FLEXIBLE COLLISION AVOIDANCE STRATEGY FOR THE FORMATION OF MULTI-UAV
To enhance the performance of formation control, the flexible collision avoidance strategy comparing the IAPF functions and the consensus method is proposed in the following. Before giving the flexible collision avoidance strategy, the collision avoidance algorithm based on IAPF and the formation keeping algorithm based on consensus are designed, respectively.
A. COLLISION AVOIDANCE ALGORITHM BASED ON THE IMPROVED ARTIFICIAL POTENTIAL FIELD FUNCTIONS
To design the collision avoidance algorithm, we need comprehensive consideration with the information of the current UAV, the neighbor UAVs, and the obstacles. Combining the virtual velocity potential (9) for collision avoidance within the formation and the virtual velocity potential (15) 
By computing the virtual velocity potential, a series of velocity, pitch angle, and heading angle orders are generated to realize collision avoidance and obstacle avoidance. Collision avoidance and obstacle avoidance are actuated by changing the velocity vector of each UAV. Therefore, the desired velocity vector for collision avoidance can be defined as
where V i is the velocity vector of U i . When the virtual velocity potential (17) is balanced that V t i (ρ i ) = 0, there exists that V c i = V i . For the sake of giving the formation control orders, the desired velocity vector V c i can be firstly divided into three channels in the ground coordinate as (18) , as shown at the bottom of this page, where V c xi , V c yi , and V c zi are the components of V c i in three channels, and V xi , V yi , and V zi are the components of V i . x i , y i , and z i are the three components of the position ρ i = (x i , y i , z i ) T . Subsequently, they are transformed into a series of formation control orders, including the desired velocity V c i , pitch angle θ c i , and heading angle ψ c i , which are given by
Equation (19) is the proposed collision avoidance algorithm, which can guarantee collision avoidance within the formation and obstacle avoidance simultaneously. Owing to adding the communication topology and communication weights to our IAPF function, the proposed collision avoidance algorithm is safer and more applicable than the traditional APF methods.
B. FORMATION KEEPING ALGORITHM BASED ON CONSENSUS
The formation keeping algorithm is to ensure the coordination variables to be consistent; therefore, how to choose the coordination variables plays the primary role. The coordination variables contains the position variable and velocity coordination variable. V i can be directly utilized as the velocity coordination variable, whereas the choice of the position coordination variable is much complicated.
For this purpose, the definition of the position coordination variable is given. It is defined as a reference point ρ iF , and the position vector from U i to its reference point is denoted as ρ d iF . The geometric configuration and position coordination variables for four UAVs are illustrated in Fig. 5 for both the unsteady case and the steady case, where the position coordination variables as represented as small circles. For brevity and clarity, we only mark the position coordination variable ρ 2F .
It is assumed that the predefined geometric configuration of the formation is known. The position coordination variable is obtained by vector computation (20) where ρ d iF is the desired position vector from U i to its reference point and denotes the geometric constraint of the formation. If lim t→∞ ρ iF → ρ jF , formation keeping is achieved as Fig. 5(b) . We define the geometric constraint between U i and U j as ρ d ij , which is coincident with the description of ρ d iF and ρ d jF , subject to
It can be seen that the objective of the consensus method is to make the distances between the UAVs achieve ρ d ij , while the IAPF functions are to make the distances toward ρ d ij . That is the reason why the consensus method can keep a geometric formation configuration, but the IAPF functions can not.
Next, a second-order consensus algorithm is adopted to keep the geometric formation configuration. The longitudinal, lateral, and altitudinal channels are designed, respectively, as 
i are the desired acceleration, pitch angle rate, and heading angle rate for formation keeping, respectively.
C. FLEXIBLE COLLISION AVOIDANCE STRATEGY
Combining the advantages of the IAPF functions in collision avoidance and the consensus method in formation keeping, a flexible collision avoidance strategy considering them both is proposed. The proposed collision avoidance strategy can both realize collision avoidance quickly and keep a geometric configuration. Meanwhile, the collision avoidance strategy should take care of processing the conflicts between the two individual algorithms. For example, when the obstacles are in the front, the consensus method attempts to make the multi-UAV fly straightly, while the IAPF functions want the formation to get away from the obstacles. Then, some typical conflicts arise, and how to conquer these conflicts is very important.
The NSB method is good at processing conflict tasks, which is put forward by F. Arrichiello [34] . The null space is the dimensional space not used for performing tasks. For example, the velocity vector of a UAV can be treated as the null space. When the mission is composed of different tasks, the overall velocity is elaborated by properly merging the output of each task. In particular, the velocity of each task is computed if it acts alone. Then, a low-priority task is projected onto the null space of the high-priority task to remove those velocity components which conflict with it.
Collision avoidance and formation keeping can be treated as two different tasks. Collision avoidance has high priority because it has far more to do with flight safety. When formation keeping interferes collision avoidance, it executes weakly and even stops. When they have no conflict, formation keeping operates well with collision avoidance. By projecting formation keeping with low priority onto collision avoidance, the flexible collision avoidance strategy is designed, where the distance ρ ij is the dominant factor. The structure of the flexible collision avoidance strategy is shown as Fig. 6 .
Combining collision avoidance and formation keeping, the NSB approach has a single output in terms of the NSB velocity order
where N c i = (I − P c * i P c i ) is the projection matrix for the null space of the Jacobian determinant P c i . The definition of P c i is given afterward. In this process, its component conflicting with V c i is removed, and the rest is incorporated into V c i . The compatibility of these two tasks is equivalent to the orthogonality of them.
The cost function is defined as
Then
Let V * i be the least square solution of V i , and there exists that
Comparing with Eq. (24), one has (31) , as shown at the bottom of this page.
So far, the NSB velocity vector is obtained. It can also be rewritten into the vector form
θ NSB , and ψ NSB are given by
As a result, Eq. (32) is the flexible collision avoidance strategy, which can handle the relationship between collision avoidance and formation keeping flexibly. Utilizing the flexible collision avoidance strategy, the formation of multi-UAV both realizes collision avoidance quickly and keeps a geometric configuration. Besides, Eq. (32) is concise in mathematical formulation and easy to implement.
Finally, as illustrated in Fig. 1 , the formation control orders in Eq. (32) are transmitted to the flight control system to follow them. A sophisticated flight control system based on state feedback has been designed for controlling the 6-DOF dynamic UAV in our previous study, which is utilized to correspond to the formation control orders in this paper. Please refer to our previous publication [30] for more details.
V. NUMERICAL SIMULATION
Simulations are performed with Matlab/Simulink, where five identical UAVs are utilized for verifying our collision avoidance strategy. Each UAV weights 85 kg with a wingspan of 2 m, and the definition of the parameters of the 6-DOF dynamic UAV model is given in [30] . Figure 8 shows the communication topology of the formation. The edge from U j to U i means that U i can receive the information comprised of position, velocity, and attitude from U j . All the UAVs have to maintain an equilateral triangular formation with side length of 8 m. Besides, they are not arranged to fly at identical altitude: U 2 and U 3 are desired to maneuver 4 m lower than U 1 , while U 4 and U 5 are desired to maneuver 8 m lower than U 1 . Concerning the wingspan, this is a tight formation situation available to verify our collision avoidance strategy.
The parameters in Eqs. (4) and (6) The initial simulation parameters mentioned above are with small distances between the UAVs. The distance between U 2 and U 3 is 2 m, which is equivalent to the minimum safety distance ρ ij min , ∀j ∈ N i . In this situation, U 2 and U 3 need to separate from each other urgently. The distance between U 1 and U 2 , the distance between U 1 and U 3 , the distance between U 2 and U 4 , and the distance between U 3 and U 5 are all just 2.8 m that the formation needs to implement collision avoidance immediately.
Different communication weights are set to build different safety priorities for each UAV that a 12 = 1.5, a 13 = 1.5, a 21 = 2, a 24 = 1, a 31 = 2, a 35 = 1, a 42 = 1.5, a 45 = 1, a 53 = 1.5, and a 54 = 1. Thereinto, U 1 has the highest safety priority that it possesses the largest communication weight value of 2. The safety priorities of U 2 and U 3 are inferior to U 1 , and their communication weight value is the median of 1.5. Finally, U 4 and U 5 have the lowest safety priorities with the smallest communication weight value of 1. In the simulation, we will show that the safety of the important members as U 1 is primarily guaranteed, followed by that of U 2 and U 3 , with the safety of U 2 and U 3 least guaranteed. The operation step is 0.02 s, and the simulation time is 800 s. Simulations are performed to validate the flexible collision avoidance strategy (32) . Figures 9 and 10 describe the velocity, pitch angle, heading angle, planar separation, and altitudinal separation for collision avoidance within the formation. Figures 11, 12, and 13 show the long-time response process of the formation for collision avoidance, especially for obstacle avoidance. In Fig. 14, a comparative  FIGURE 10 . Positions of collision avoidance within the formation. simulation, including planar position, altitudinal position, and three-dimensional trajectory, is performed to show the superior effectiveness of the collision avoidance algorithm with the auxiliary repulsive potential to the algorithm without that.
As shown in Figs. 9 and 10 , to manifest the response process of collision avoidance within the formation, only the first 5 s of the simulation result is chosen. It can be seen that only 4.8 s is used before the distances between the UAVs turn normal. The regulation of velocities, pitch angles, and heading angles for U 2 and U 3 are more intensive than that for U 1 , meaning that U 1 has higher safety priority and its safety is primarily guaranteed. Similarly, U 2 and U 3 have higher safety priorities than U 4 and U 5 , such that the regulation of velocities, pitch angles, and heading angles for U 4 and U 5 are more intensive than that for U 2 and U 3 . In addition, the planar separation indicates that the distance between U 1 and U 2 and the distance between U 1 and U 3 get normal with the fastest speed, and then the distance between U 2 and U 3 gets normal, followed by the distance between U 2 and U 4 and the distance between U 3 and U 5 , with the distance between U 4 and U 5 getting normal at last. Thus, the simulation result validates the effectiveness and rapidity of our collision avoidance strategy (32) , which is good at collision avoidance within the formation and can primarily guarantee the safety of the important members in the formation by adding different communication weights. on the predefined flight path. By regulating the velocity, pitch angle, and heading angle, the real-time flight path is reasonably adjusted, and the formation gets away from the obstacles successfully and quickly. In the last subfigure of Fig. 13 , the local three-dimensional trajectory, where only the last several sampling points are adopted within 0.2 s, is the last part of the whole trajectory. It is worthwhile noticing that the five UAVs maintain a good triangular configuration as desired. Therefore, the simulation result illustrates that our collision avoidance strategy can guarantee a good geometric configuration as well as collision avoidance. Figure 14 provides a comparative simulation for the collision avoidance algorithms with and without the auxiliary repulsive potential in terms of J r i ( ρ io ) aux in Eq. (14) . It can be seen that the collision avoidance algorithm with the auxiliary repulsive potential, which is determined by the relative velocity between the UAV and the obstacle, carries out obstacle avoidance earlier and more intensively, so it leads to larger minimum distances away from the obstacles. In other words, the collision avoidance algorithm with the auxiliary repulsive potential outperforms the algorithm without that. Thus, it is concluded that the auxiliary repulsive potential, which assists in improving the control effort of obstacle avoidance, can compensate for the weakness that the obstacles can not avoid the UAVs voluntarily.
VI. CONCLUSION
A flexible collision avoidance strategy based on IAPF and consensus is proposed for the multi-UAV in this paper. By utilizing the communication topology and communication weights to reform the APF function, the information flow from communication is fully used, and the safety of the important members is primarily guaranteed. The proposed strategy is not only good at collision avoidance within the formation, but also avoiding the obstacles outside the formation. By introducing the auxiliary repulsive potential determined by the relative velocity between the UAV and the obstacle, the multi-UAV performs obstacle avoidance more efficiently. In our work, the NSB approach is designed to merge collision avoidance and formation keeping. Both the IAPF functions and the comprehensive consideration of collision avoidance and formation keeping problems make the proposed collision avoidance strategy more flexible. Our proposed collision avoidance strategy is concise in mathematical formulation and easy to implement. Three-dimensional flight simulation with five 6-DOF UAVs indicates that the flexible collision avoidance strategy can both implement collision avoidance quickly and keep a good geometric formation configuration simultaneously.
